Abstract Heat shock proteins (HSPs) are molecular chaperones subdivided into several families based on their molecular weight.
Introduction
Osteosarcoma (OSA) is the most common primary bone tumor of both man and dogs. In both species, OSA has a locally aggressive behavior and high rate of systemic metastasis to organs such as the lungs. Naturally occurring OSA of pet dogs is a good model of this disease in man. Both are treated with surgical removal of the primary tumor and systemic chemotherapy to prevent metastasis. Standard of care chemotherapy regimens for canine OSA often encompass the administration of doxorubicin, carboplatin, or cisplatin. Regardless of the treatment protocol or chemotherapeutic agents utilized, canine OSA patients typically have a median survival time postsurgery of approximately 300 days (Berg et al. 1997; Bergman et al. 1996; Straw et al. 1991) . Despite chemotherapy treatment, pulmonary metastasis remains highly prevalent, is significantly associated with a poor prognosis, and is the cause of euthanasia in the vast majority of canine OSA cases (Khoury et al. 2014; Mauldin et al. 1988) . As clinical responses to conventional chemotherapy have reached a plateau, newer approaches involving targeted therapies, alone or in combination with cytotoxic chemotherapy, are desperately needed to make improvements in outcome.
Heat shock proteins (HSPs) are molecular chaperones subdivided into several families based on their molecular weight: HSP40, HSP60, HSP70, HSP90, HSP100, and small HSPs (Hartl et al. 2011) . HSPs are found in organisms ranging in complexity from yeast and bacteria, to humans, and have been associated with ubiquitous functions (Kregel 2002) . HSPs, such as those from the 70 kDa family, are known to complete protein translocation, maturation, folding, and degradation duties within the cell under both stressed and non-stressed states (Feder and Hofmann 1999) . Acting in this fashion, HSP70s intervene in the apoptotic cascade and prevent protein aggregation, ultimately hindering apoptosis by an ATP-dependent mechanism (Beere et al. 2000; Elmore 2007; Gabai et al. 2002; Gotoh et al. 2004; Gurbuxani et al. 2003; Li et al. 2010; Ruchalski et al. 2003; Zhuang et al. 2013) .
Given the role of HSP70s in the prevention of apoptosis, their relative expression has been studied in numerous cancers. In human OSA, overexpression of HSP70 was observed in 47 % of samples (Uozaki et al. 2000) . Expression levels of HSP70 were also associated with poor prognosis and larger tumor size (Uozaki et al. 2000) . Adding to the notion that human and canine OSA is very similar, immunohistochemical staining of 18 canine tumor samples found that HSP70 expression was associated with the presence of a grade III tumor, and lack of HSP70 staining correlated with longer survival time (Romanucci et al. 2012 ).
In addition to expression and prognostic analyses, the utility of HSP70 as a therapeutic target in oncology has also been evaluated. Inhibitors of HSP70 family members have been shown to reduce cellular viability, increase apoptosis, and reduce clonogenic survival in a number of cancer cell types (Leu et al. 2009) . One example of a small molecule HSP70 inhibitor is VER-155008, which targets the ATPase binding domain and has been shown to induce apoptosis in the lung, colon, and multiple myeloma cells (Chatterjee et al. 2013; Leu et al. 2009; Massey et al. 2010; Wen et al. 2014) . In other studies, increased expression of HSP70 reduced the efficacy of HSP90 inhibitors at inducing apoptosis (Guo et al. 2005) . Furthermore, following the use of an HSP90 inhibitor in canine OSA patients, HSP70 was overexpressed in tumor tissue (London et al. 2011) , which is considered a hallmark of effective HSP90 inhibition. Despite these findings, we are unaware of studies attempting to inhibit HSP70 and/or GRP78 as a single or dual target in canine OSA. The purposes of this study were to investigate the biologic activity of an HSP70 and GRP78 inhibitor in vitro in canine OSA cell lines and evaluate this treatment strategy in combination with standard of care doxorubicin chemotherapy. 
Materials and methods

Antibodies and reagents
Antibodies for western blot or immunofluorescent detection of β-actin, HSP70, GRP78, and HSP90 were purchased from Cell Signaling Technology. BAG-1 and α-tubulin antibodies were purchased from Epitomics and Sigma-Aldrich. Herp and C/EBP homologous transcription protein (CHOP) antibodies were obtained from Abcam. Alexa-Fluor 488 fluorescent secondary antibody was purchased from Life Technologies.
The HSP70 inhibitor VER155008 was obtained from Tocris Bioscience and resuspended in dimethyl sulfoxide (DMSO) at a 10 mM concentration. This stock solution was stored at −80°C for long-term storage and kept at 4°C during use. Doxorubicin was obtained from the Ontario Veterinary College Animal Cancer Centre Pharmacy and maintained at 4°C, at a concentration of 3.68 mM. The annexin V and propidium iodide (PI) apoptosis reagents were obtained from BioVision. This kit included annexin V and PI antibodies, as well as the annexin V binding buffer. Premixed Clonotech WST-1 reagent was used for cell viability assays and purchased from Cedarlane.
Cell lines and culture conditions
The D17 canine OSA cell line, as described by Riggs et al. (1974) , was generously provided by Sarah Wootton University of Guelph. The JL31 and Dharma canine OSA cell lines were each derived from the primary tumor of a canine OSA patient and adapted to culture by Geoffrey Wood and Anthony Mutsaers, University of Guelph, respectively. Cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % FBS and penicillin/streptomycin. All cell lines were maintained at 37°C and 5 % carbon dioxide in a humidified incubator. 
Viability assays
Cells were plated in 96-well dishes in triplicate and allowed to adhere for 24 h. They were then incubated with VER155008 (VER), an N-terminal HSP70 ATPase inhibitor, for 24 h before doxorubicin was added for an additional 48 h. After 48 h, WST-1 reagent was pipetted into the wells and absorbance readings were obtained at a wavelength of 450 nm.
Western blot analysis
Lysis buffer (20 mM Tris-HCL, 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na 3 VO 4 , and 1 μg/mL of leupeptin from Cell Signaling Technology) containing aprotinin, phenylmethanesulfonyl fluoride, and a phosphatase inhibitor cocktail was used to lyse cells. Total protein from the samples was quantified using a Bradford assay (Bradford 1976) . Protein was separated by weight using Bio-Rad electrophoresis chambers and power systems with 7.5, 10, or 12 % sodium dodecyl sulfate polyacrylamide gels. The protein was then transferred to a polyvinyl difluoride membrane and imaged using a Bio-Rad ChemiDoc system.
Immunofluorescence
Following treatment, cells were fixed with 4 % paraformaldehyde and blocked. The primary antibodies were then diluted in antibody dilution buffer (5 % BSA, 0.33 % Triton-X 100, and PBS). Slides were incubated with the primary antibody overnight prior to DAPI being applied. The resulting slides were visualized using an Olympus IX83 confocal microscope. Apoptosis After 72 h of treatment, floating and adherent cells were collected from each treatment group. The cells were counted using a Countess Automated Cell Counter (Invitrogen), and an equal number of cells were taken from each group, centrifuged, and resuspended in annexin V binding buffer. Propidium iodide and annexin V were added to each sample in the dark for 15 min. The samples were then analyzed using a BD FACScan flow cytometer.
Clonogenic survival
After 72 h of treatment, floating and adherent cells were collected. The cells were centrifuged and resuspended in fresh media. The cells were counted and plated into 60-mm plates in limiting dilutions. Every 3-4 days, the media was changed. When the untreated control colonies were becoming too numerous to count, the cells were fixed with 20 % methanol and simultaneously stained with 0.5 % crystal violet. Colonies were counted manually. Successful colony formation was defined as a colony of at least 50 cells.
Statistical analysis
Minitab 17 software (Minitab Inc.) was utilized to conduct analysis of variance (ANOVA) and two sample t tests. Tukey post hoc tests were used at the 95 % confidence interval. Results are reported as mean ± standard error of the mean (SEM). 
Results
Viability/apoptosis/clonogenic survival
In all three canine OSA cell lines, single-agent treatment with VER for 72 h significantly reduced cellular viability (Fig. 1) . However, Dharma was the only cell line that displayed a significant reduction in cellular viability in a combination group when compared to doxorubicin alone.
Given the inability of WST-1 assays to directly assess cell death by apoptosis, annexin V and PI flow cytometry was utilized to assess cellular death. D17, Dharma, and JL31 all showed an increase in the number of apoptotic cells, although for Dharma, it was primarily in early stages of apoptosis (lower right quadrant) following 72 h of VER treatment (Figs. 2, 3, and 4) . However, no additive effects were observed in VER and doxorubicin combination treatment groups.
To assess whether VER treatment would reduce cellular repopulation, clonogenic survival assays were performed in JL31 cells. VER treatment reduced colony forming ability as a single agent (Fig. 5a ). In combination treatment groups, Fig. 7 Western blot of GRP78 following treatment with VER. VER increased GRP78 expression in canine OSA cell lines. Cells were treated for 24 h with VER (V2, V10, V50). *P < 0.05, statistical significance from both DMSO and the untreated control, as determined by an ANOVA from three replicates. Values represent the mean of the relative abundance of GRP78, compared to the untreated controls, ±SEM Fig. 8 Cellular localization of GRP78 in D17 cells after treatment with VER. GRP78 appeared increased at 24 and 48 h after VER treatment (V50) and localized throughout the cytoplasm, possibly the cell surface, and within the nucleus. GRP78 was predominantly localized within the nucleus in untreated cells. [Images were taken at ×60 magnification using oil immersion on a confocal microscope. N = 2] colony formation was further reduced compared to VER and doxorubicin single-agent treatments (Fig. 5b) .
HSP70 response to treatment
HSP70 expression levels were first assessed by western blot following VER treatment for 24 h, the time at which doxorubicin was added to combination treatment groups (Fig. 6) . In all three canine OSA cell lines, increasing concentrations of VER resulted in dose-dependent increases in HSP70 expression. VER155008 is also known to bind GRP78 with an IC50 value of 2.6 μM (Massey et al. 2010 ). As such, protein expression levels of GRP78 were also examined via western blot. Similar to HSP70 but to a much larger degree, increased expression of GRP78 was observed following 24 h of VER treatment (Fig. 7) . Furthermore, to investigate changes in cellular distribution of GRP78, which have been previously reported, including cell surface expression, GRP78 was assessed by immunofluorescence in D17 cells. A wider cytoplasmic and possibly cell surface distribution of GRP78 was noted in D17 cells following VER treatment (Fig. 8) .
Given the reported observation of increased HSP70 expression with the use of HSP90 inhibitors, we examined HSP90 expression following treatment with the HSP70 inhibitor Fig. 9 Western blot of HSP90 following VER treatment. Only D17 cells showed a significant alteration to HSP90 abundance following VER treatment. Values represent relative mean of HSP90 expression, ±SEM, after 24 h of treatment with VER155008 (V2, V10, V50). *P < 0.05, statistical significance from both DMSO and untreated controls, as determined by an ANOVA on three replicates VER. Significant alterations to HSP90 abundance following VER treatment were not appreciated, possibly apart from an increase in D17 cells (Fig. 9) .
Unfolded protein response and Akt signaling
GRP78 is known as a marker for the unfolded protein response (UPR) (Samali et al. 2010 ). Thus, it is possible that the observed increased expression of GRP78 could be an indication of UPR, following VER treatment. In addition to GRP78, other markers of the UPR, including Herp and CHOP, were examined to determine the likelihood of UPR activation in canine OSA cells. JL31 and D17 cells both showed a marked upregulation of Herp and CHOP after VER treatment, suggesting that the UPR is occurring and may also be responsible for the increased expression of GRP78 (Fig. 10) .
HSP70 expression is typically controlled through one of two major transcription factor families: heat shock factors and hypoxia-inducible factors (Akerfelt et al. 2010; Huang et al. 2009 ). Since oxygen levels were not altered during these experiments, the heat shock factor pathway was indirectly inspected via western blot. A major signaling pathway that activates heat shock factors is the phosphoinositol 3-kinase, Akt/protein kinase B signaling cascade (Carpenter et al. 2015; Chatterjee et al. 2013; Mustafi et al. 2010) . After 24 h of treatment, VER decreased overall Akt and serine-473 phosphorylated Akt, suggesting that Akt pathway activation is not responsible for the observed increase in HSP70 after VER treatment (Fig. 11) .
HSP70 function
Optimal HSP70 function requires coordination with cochaperones and nucleotide exchange factors. One such nucleotide exchange factor is BAG-1 (Mayer and Bukau 2005) . BAG-1 generates conformational changes to HSP70 family members, which are unfavorable to nucleotide binding and promote ADP release (Hohfeld and Jentsch 1997; Sondermann et al. 2001) . Treatment with VER resulted in the degradation of BAG-1 in JL31 and D17 cell lines. As the mechanism of VER is inhibition of the ATP binding pocket, this result reveals that HSP70 function is also impacted in another way following VER treatment (Fig. 12) .
Discussion
HSP70 is known to prevent apoptosis through a variety of molecular mechanisms and becomes activated in response to cellular stress. Thus, it was hypothesized that the inhibition of HSP70 would facilitate greater canine OSA cell death when combined with a cellular stressor such as doxorubicin. We found that OSA treatment with VER alone induced apoptosis and reduced viability and clonogenic survival. However, combination treatments with doxorubicin were unable to significantly increase apoptosis or decrease cellular viability beyond that achieved by chemotherapy alone, although improved results were observed with combination treatment in clonogenic survival assays. These findings may highlight that combination treatments are more efficient at preventing the clonogenic Fig. 11 Western blot of Akt following treatment with VER. Total Akt and phosphorylated Akt (P-Akt) decreased following treatment with VER (V2, V10, V50). Cells were treated for 24 h with VER. N = 3 Fig. 12 Western blot of BAG-1 following HSP70 inhibition. Both human and canine cells display less BAG-1 after VER treatment. Cells were treated for 24 h with VER (V2, V10, V50). N = 3 Targeting HSP70 and GRP78 in canine osteosarcoma cellsoutgrowth/repopulation of OSA cells than in inducing apoptosis.
To investigate possible mechanisms for the lack of additive effects in cellular viability and apoptosis, target protein expression was assessed via western blot. As VER specifically interacts with the ATPase binding domain of HSP70, it is not expected to change HSP70 expression with treatment, which has been observed by others (Wen et al. 2014) . However, in our canine OSA cells, HSP70 expression actually increased after 24 h of incubation with VER (the time at which doxorubicin would be added). This increased expression of HSP70 is potentially problematic, in that the protein is known to directly suppress the apoptotic cascade and protect cells from doxorubicin-mediated apoptosis in a variety of model systems (Gabai et al. 1997 (Gabai et al. , 1995 Karlseder et al. 1996; Samali and Cotter 1996) . Although we did not confirm a cytoprotective role for the increased HSP70 observed in canine OSA cell lines, induced overexpression of HSP70 in human OSA cell lines partially prevented apoptosis induced by the flavenoid baicalein (Ding et al. 2014) .
Another potentially problematic and possibly compensatory response to VER treatment was increased GRP78 expression, which is also a target of this compound. Several associations between GRP78 expression and chemotherapy resistance have been identified. For instance, GRP78 hindered etoposide and cisplatin-induced apoptosis in glioblastoma cells (Lee et al. 2008) . Several possible mechanisms for the chemoresistance induced by GRP78 have been suggested. These mechanisms include activation of pro-survival kinase pathways such as Akt and ERK or inhibition of caspase-7, bik, and bax (Fu et al. 2007; Misra et al. 2006; Ranganathan et al. 2006; Reddy et al. 2003) . Based on this evidence, the upregulation of GRP78 after VER treatment, prior to the addition of doxorubicin, is also potentially problematic and could explain the lack of improvement observed with combination treatments.
Recognized as an indicator for the unfolded protein response, GRP78 is typically localized to the endoplasmic reticulum (Samali et al. 2010) . However, various studies demonstrate that GRP78 is localized to the cell surface, nucleus, and cytoplasm under differing cellular environments (Ni et al. 2011) . At the cell surface, GRP78 has been associated with various receptors, notably binding kringle 5, microplasminogen, and α2 M macroglobulin (Gonzalez-Gronow et al. 2007; Misra et al. 2002) . Multiple studies have taken advantage of this cell surface location as a method of specifically targeting cancer cells, due to the lack of GRP78 on the surface of non-malignant cells (Arap et al. 2004; de Ridder et al. 2012; Liu et al. 2007; Ni et al. 2011) . Ligands that bind GRP78 become internalized into the cell in a GRP78-dependent mechanism (Liu et al. 2007) . A significantly lower abundance of these ligands is found in the liver, spleen, brain, and pancreas when compared to tumor tissue (Liu et al. 2007 ). The present study demonstrated that VER treatment induces ER stress in canine OSA cells. Following ER stress, significantly higher levels of GRP78 travel to the cell surface (Zhang et al. 2010) . Although further work is required in these canine cell lines to determine if GRP78 is indeed expressed directly on the cell surface, our initial immunofluorescence results are promising. Following overexpression, GRP78 was not localized to a single location. Furthermore, some cells appeared to have GRP78 localized close to the cell surface. Thus, this overexpression of GRP78 could be capitalized upon to possibly provide cancer cell-specific targeting following VER treatment. As GRP78 moves to the cell surface following VER administration, OSA cells could be targeted with GRP78-bound peptide conjugates, such as Pep42 which can be linked to a cytotoxic payload like doxorubicin (Liu et al. 2007 ).
To function optimally in response to stress, HSP70 operates with several co-chaperones. The canonical model of protein folding posits that one of the initial stages in protein refolding is the delivery of the client to HSP70 by co-chaperones (Kampinga and Craig 2010) . By binding and delivering substrates to HSP70, these chaperone proteins are inherently preventing their aggregation. Heat-denatured luciferase experiments confirm that the co-chaperone carboxyl terminus of Hsc70-interacting protein (CHIP) possesses chaperone-like activity independent of HSP70 interactions (Rosser et al. 2007 ). Thus, it is possible that inhibition of a single heat shock protein may be aided by the lack of functional co-chaperones. Accordingly, this study found a direct correlation between BAG-1 expression and apoptosis in D17 and JL31 canine OSA cell lines. BAG-1 is known as a nucleotide exchange factor for HSP70 (Mayer and Bukau 2005) . Binding of the BAG domain to HSP70 increases nucleotide exchange rates up to 900-fold, allowing for client substrates to be released after proper protein folding is completed (Gassler et al. 2001) . At the highest dose of VER, which was the most effective in all cell lines, the lowest abundance of BAG-1 was evident. This decreased BAG-1 should facilitate longer interactions of HSP70 with client proteins, ultimately slowing their release and promoting the aggregation of misfolded proteins. Given HSP70's role in cellular survival, this protein could be an important therapeutic target in many malignancies. However, redundancy of chaperones highlights one of the challenges that exist in HSP targeting, so simultaneous inhibition of multiple family members may be an important strategy moving forward. VER treatment was sufficient to decrease cellular viability, induce apoptosis, and reduce clonogenic survival of canine OSA cells in our study. Unfortunately, combination treatments with doxorubicin chemotherapy showed no meaningful increase in apoptosis. This result could be due to the upregulation of HSP70, GRP78, or other proteins prior to the administration of chemotherapy. Further determination of the pathways involved in the potentially compensatory increases in HSP70 and GRP78 expression could yield useful information for optimizing combination schedules.
